The intergeneric phylogeny of Lagomorpha had been controversial for a long time before a robust phylogeny was reconstructed based on seven nuclear and mitochondrial DNA sequences. However, skull morphology of several endemic genera remained poorly understood. The morphology of supraorbital processes in Lagomorpha is normally used as a diagnostic characteristic in taxonomy, but whether shape change of this structure parallels its genetic divergence has not been investigated. In this study, we conducted a comparative analysis of the skull morphology of all 12 extant genera using geometric morphometrics. These results indicated that no significant phylogenetic signal is observed in the shape change of the dorsal and ventral views of the cranium as well as in the lateral view of the mandible. The supraorbital processes also show insignificant phylogenetic signal in shape change. Similarly, mapping the centroid size (averaged by genus) of these datasets onto the phylogeny also showed insignificant phylogenetic signal. Aside from homoplasy caused by convergent evolution of skull shape, the massive extinction of lagomorphs after the late Miocene is proposed as one of the main causes for diluting phylogenetic signals in their morphological evolution. Acknowledging the loss of phylogenetic signals in skull shape and supraorbital processes of extant genera sheds new light on the long-standing difficulties for understanding higher-level systematics in Lagomorpha.
Introduction
Lagomorpha (rabbits, hares, and pikas) is one of the least diversified orders in mammals with only 12 extant genera (Hoffmann and Smith, 2005) . Eight of these are monotypic taxa endemic to restricted areas and are poorly known. Among 92 extant species, three are critically endangered, ten are endangered, five are near threatened, five are vulnerable, and 31 others have a high probability for population decrease (The IUCN Red List of Threatened Species. Version 2014.3).
Besides the dynamics of genera or species diversity influenced by global vegetation change (Ge et al., 2013) , the morphology of these herbivorous mammals also likely underwent adaptive evolution. For example, the body coloration of lagomorphs is inclined to match their habitats, and ear tip coloration appears to have a role in communication amongst congeneric species (Stoner et al., 2003) . The crania of leporids are characterized by fenestration on the rostral side (Bramble, 1989) , particularly in Lepus, which is beneficial for dynamic stability. Additionally, Lagomorpha tooth morphology reflects different mastication patterns: those of ochotonids demonstrate shearing ability while those of leporids favour grinding function (Koenigswald et al., 2010) . As a result, the diets of these families are widely differentiated. Ochotonids show a high preference for C 3 plants while most leporids are capable of digesting C 4 plants (Ge et al., 2013) . The postcranial skeleton of Lepus has been reported to have prominent sutures, which is hypothesized to reduce jarring during high speed running (Bramble, 1989; Bramble and Carrier, 1983) . The thoracic limb of the hare consists predominantly of extrinsic musculature with long parallel fascicles, which are specialized for generating a large range of forces (Williams et al., 2007) . Ge et al., 2013 identified a significant correlation between the phylogeny and body length of extant species, but it is unclear how skull morphology of these taxa correlates with phylogeny. In fact, skull morphology of several endemic genera, aside from their tooth morphology (Averianov et al., 2000) , still needs to be described and compared.
Within lagomorphs, the posterior supraorbital processes are well developed in most leporids (Bensley, 1948; Zhang, 1997) , especially in several open grassland dwelling species, and some species also bear well-developed anterior supraorbital processes. However, in ancient taxa, both of these processes are nearly absent or poorly developed as seen in highly diversified Ochotonidae and stem lagomorph: Prolagus sardus, Alloptox gobiensis, Dawsonolagus antiquus, and Gomphos sp. (Dawson, 1969; Wu et al., 2003; Asher et al., 2005; Li et al., 2007; Wible, 2007) . The morphology of these two structures has frequently been used as diagnostic characteristics in taxonomy (Luo, 1986; Suchentrunk et al., 2007; Zhang, 2010; Liu et al., 2011) , but it is unclear whether the morphological evolution of this orbital region parallels the phylogenetic diversity of lagomorphs. So a detailed analysis of these structures is necessary.
Previous studies of morphological and ecological traits of extant lagomorph phylogeny resulted in different hypotheses (Fig. 1; Dowson, 1981; Stoner et al., 2003; Matthee et al., 2004; Robinson and Matthee, 2005) . Considerable homoplasy in the morphology of leporid species was identified by Corbet (1983) after examining 21 morphological characteristics for 22 leporid species. These studies highlight the difficulties in reconstructing a robust Lagomorpha phylogeny, particularly at the intergeneric level by including morphological data. The phylogenetic relationship of extant genera was established from the combined matrix of five nuclear and two mitochondrial DNA fragments . The robustness of this topology was highly supported by different methods in phylogenetic reconstruction, which offers a framework for more detailed phylogenetic comparative studies in Lagomorpha and allowed us to test whether there is a phylogenetic signal in their morphological evolution. Matthee et al., 2004 . Dawson (1981 proposed Nesolagus and Brachylagus as basal sister taxa and subdivided the other genera into three paraphyletic lineages (A). The first paraphyletic lineage includes Pronolagus and Pentalagus as sister taxa, the second lineage includes Lepus, Oryctolagus, Caprolagus and Sylvilagus, and the third is represented by Romerolagus. A weighted, phylogenetic supertree of all extant species of lagomorphs reconstructed using morphological and molecular data from 146 literature sources inferred a different phylogeny for lagomorphs (B): Prolagus (recently extinct) and Ochotona form a monophyletic group, Pentalagus and Pronolagus, consistent with Dawson's (1981) findings, are sister taxa, and the remaining genera from the Leporidae family form a monophyletic group. However, Oryctolagus, Bunolagus, Poelagus, Caprolagus, Sylvilagus and Lepus form a paraphyletic group (Stoner et al., 2003) . Molecular phylogeny reconstructed from the concatenated dataset of seven genes (C) showing Ochotona, the genus that represents the relic genus of Ochotonidae, as the one that diverged earliest; Nesolagus, Poelagus and Pronolagus form a monophyletic clade that diverged early on within Leporidae, and the other clades of Leporidae include: Romerolagus, Lepus, Brachylagus, Slvilagus, Pentalagus, Caprolagus, Bunolagus, and Oryctolagus (Matthee et al., 2004) .
In the present study, we applied geometric morphometrics to explore intergeneric morphological differences in the skull and to test the phylogenetic concordance of skull morphology changes (both size and shape) in extant Lagomorpha.
Material and methods

Taxon sampling
The crania of specimens used in the present study are preserved in the Institute of Zoology, Chinese Academy of Sciences (IOZCAS), the Northwest Institute of Plateau Biology, Chinese Academy of Sciences (NWIPBCAS), the Natural History Museum (NHM) in London, the Zoological Museum of Moscow State University (ZMMSU), the Zoological Institute of the Russian Academy of Sciences in Saint Petersburg (ZISP), the Museum of Comparative Zoology (MCZ) at Harvard University, the Field Museum of Natural History (FMNH), and the American Museum of Natural History (AMNH). Detailed information of these specimens is listed in Appendix 1.
A total of 87 adult specimens representing all 12 extant genera of Lagomorpha are included in the geometric morphometrics analyses. Adult specimens are identified by the presence of cranial suture fusion and the full eruption of the final molars. Previous studies based on skull morphology revealed that sexual dimorphism in lagomorphs is negligible (Smith and Weston, 1990; Lu, 2003) , which allows us to combine males and females in the analyses. Photographs used in this study were mainly taken using a Canon PowerShot S5IS (Japan) with a macro-focusing lens and then saved as JPEG files. A scale was set in each image using a ruler with centimetres as the unit of measure. Images were standardized for position, camera lens plane, and the distance between the camera lens and the specimen.
Phylogenetic reconstruction
We reconstructed a lagomorph phylogenetic tree based on Matthee et al.'s (2004) study, which appears to be the most robust and comprehensive study referring to the phylogeny of extant Lagomorpha. The resolved phylogeny was based on seven DNA fragments. Five of the seven DNA fragments were nuclear in origin: Stem cell factor (MGF), Thyroglobulin (TG), Protein Kinase C iota (PRKC1), B-spectrinnon erythrocytic 1 (SPTBN1), Thyrotropin (THY). The other two DNA fragments, Cytochrome b (cytb) and 12S rRNA (12S), are mitochondrial gene fragments. These sequences were aligned using ClustalW (Thompson et al., 2002) as implemented in MEGA version 5 (Tamura et al., 2007) . 26 species of Lagomorpha were included, and Tamisciurus hudsonicus was used as the outgroup taxon. A best-fit model for nucleotide substitution of each gene was selected by using jModeltest (Posada, 2008) . A MCMC Bayesian Analysis (Ronquist and Huelsenbeck, 2003) was performed for a concatenated dataset of the seven DNA sequences and unlinked substitution rates amongst the genes. Four chains with 200 million generations were set and sampled by a frequency of 1000. The first 25% of the generated trees was discarded as burn-in. A 50% majority consensus tree is obtained from the analysis. The resulting Bayes tree was provided in Appendix file S1.
Digitizing shape information
Using the photographs we selected and digitized 14 landmarks in the dorsal view of the cranium (DVC), 27 landmarks in the ventral view of the cranium (VVC), 25 landmarks in the lateral view of the mandible (LVM), and 50 landmarks in the upper edge along the orbit (UEAO) (Fig. 2) . The morphology of supraorbital processes is an important character in traditional taxonomy of lagomorphs. To capture the detailed shape change of the UEAO (contour from landmark 6 to landmark 8 in Fig. 2A ), we digitized a curve along the edge marked by 50 landmarks. The start point of this curve was located at the most anterior intersection point between the internal edge of the zygomatic and frontal bones (landmark 6) in the dorsal view, and the end point was located at the most posterior contour of the orbital process (landmark 8). These two end points could be easily recognized and digitized in all specimens. The other 48 points were located along the curves with equal lengths between adjacent points. The shape change of the UEAO results from the expansion of the lateral edge of the frontal bone (Yang, 1979) , which provides homologous morphological information in the analysis. Definition of these landmarks is given in Appendix file 2. All landmark locations were defined and digitized in tpsDig Version 1.40 (Rohlf, 2002) .
Geometric morphometrics analysis
A strong phylogenetic signal of shape change means that shapes of closely related taxa tend to be more similar to each other and thus occupy the same area of morphometric space (Klingenberg and Gidaszewski, 2010) . To test for phylogenetic signals in shape and size changes we applied squared-change parsimony under a Brownian motion model of evolution to reconstruct the ancestral states of shapes at internal nodes, which was implemented in the package MorphoJ 1.06c (Klingenberg, 2011) . a. Superimposition Centroid size (CS), the summed squared distances of each landmark from the centroid of the form, was used as a measure of size (Zelditch et al., 2012) . Generalized Procrustes analysis was employed to obtain a matrix of shape coordinates from which all information related to position, scale and orientation were removed (Rohlf and Slice, 1990; Dryden and Mardia, 1998) . The shape coordinates were analyzed in MorphoJ 1.06c (Klingenberg, 2011) to test whether there were specimens that largely deviated in shape from the other specimens. No outlier was identified in any of these datasets. These datasets were averaged by genus before further analyses. We used two methods to analyze the shape change of the upper edge along orbit. In the first method, all of the points were considered to be landmarks. In the second method, the original dataset was pre-aligned in tpsRelw version 1.54 (Rohlf, 2002) to allow for the sliding of semi-landmarks, which minimize the amount of shape change between each specimen and the Procrustes average of all the specimens.
b. Testing phylogenetic signal in shape and size Covariance matrices were generated for each dataset of genera means, which were then used in the principal component analyses (PCA). To test the phylogenetic signal of the morphological variation, we imported the Bayesian tree obtained from phylogenetic analyses and mapped the shape (Procrustes coordinates) and size (centroid size) data from genera means. The terminal branches of the phylogenetic tree were named by genus, and the shapes of the internal nodes of the phylogeny were reconstructed by squared-change parsimony (Maddison, 1991) , which was weighted by genetic change on the respective branches of the tree. Through these calculations, the sum of squared changes of shape along the branches is minimized over the entire phylogeny reconstructed from the above analysis. We used a permutation approach (Klingenberg and Gidaszewski, 2010; Klingenberg and Marugan-Lobon, 2013) , which simulated the null hypothesis of no phylogenetic signal in the data by randomly exchanging the shape data amongst the tips of the phylogenetic tree (Klingenberg and Gidaszewski, 2010; Klingenberg, 2011) in order to test the phylogenetic signal in the Procrustes coordinates. 10,000 random permutations were conducted and the total amount of squared change summed over all branches of the tree was the test statistic used. These analyses produced two output datasets: one with the values of the changes along the branches and the other with scores for phylogenetically independent contrasts, both of which are very important for analysing the evolutionary process of morphological data (Felsenstein, 1985; Klingenberg and MaruganLobon, 2013) . Because the shape change of specific genera, is the focus of the present study, we used genera means in the analyses and not phylogenetic independent contrasts as units of analysis. To visualize the phylogenetic history of shape change at the generic level, the tree was mapped onto the PCA plots. We also reconstructed the centroid size of internal nodes of the tree by squared-change parsimony and then tested for the phylogenetic signal of size using a permutation approach. We also mapped centroid size of the different views of the skull onto the phylogeny.
c. Size correction of morphological data and evolutionary allometry We used a multivariate regression of Procrustes coordinates (as shape variables) against log transformed centroid size (as size variables) to remove the effect of size on shape. We mapped the residuals from the above regression analyses onto the phylogenetic tree to test for phylogenetic signal of size-corrected shape variation. A large difference between the original dataset and the residuals would indicate that evolutionary allometry is an important factor in cranial evolution. To analyse how evolutionary change of shape is associated with evolutionary size change in different datasets, we regressed the independent contrast of shape (Procrustes coordinates) on the independent contrast of centroid size (Klingenberg and Marugan-Lobon, 2013) . A significant result of this test would indicate evolutionary allometry.
Results
Morphological comparison among extant lagomorph genera
Representative figures for dorsal, ventral and lateral views of the cranium and the lateral view of the mandible for these 12 extant genera are shown in Figs 3-5. The crania of Ochotona are significantly smaller than those of other lagomorph genera (ANOVA of log centroid size, p<0.001). Three ecotypes were recognized within Ochotona in previous studies, which included the northern group, the alpine group and the steppe group (Niu et al., 2004) . The three specimens that represent each eco-group are given in Fig. 3 . Among these species, O. koslowi (Fig. 3E-H) has the shortest interorbital distances, and the dorsal side of the cranium of this species protrudes the most, which can be identified from the lateral view. The cranium of O. thomasi (Fig. 3I-L) is the narrowest in width, but the maxillary fenestra is very wide. In all Ochotona species, the coronoid process is severely reduced.
Within Leporidae, Nesolagus, Pentalagus and Caprolagus have much heavier and thicker skulls than other genera (Figs 3M-P, 4Q-P, and 5A-D, respectively). They have well-developed posterior supraorbital processes, but no anterior supraorbital processes. The maxillary fenestra is almost closed in the latter two genera. The auditory bullae are prominently smaller in these three genera compared to that of other genera. Moreover, Caprolagus is quite different from other genera of leporids in a broader palatal bridge and a narrow incisive and palatal foramen (Fig. 5A-D) . In Romerolagus, the surface of the posterior region of the frontal bone and the entire parietal bone is covered with small, concave dips ( Fig. 4E-H) . However, the skull of Romerolagus is smaller than the above three genera. The adult skull morphology of Brachylagus ( Fig. 5M-P) is similar to that of a juvenile Lepus, which has the second smallest skull size amongst extant genera. The auditory bullae of Brachylagus are relatively larger compared to those of other genera. The supraorbital processes of lagomorphs are highly variable. For example, within Lepus, L. americanus and L. timidus display different shapes ( Fig. 4I-P) . Of all extant leporid genera, the palatine foramen, craniopharyngeal ducts and carotid canals are largest in Pentalagus. In contrast to other leporid genera, Nesolagus and Pentalagus have poorly developed coronoid processes and the broadest mandibular condyles and angles.
Geometric morphometrics analysis at generic level
No significant phylogenetic signal for variation in shape and size of analysed structures (dorsal, ventral and lateral views of cranium and mandible) was found. The phylogenetic tree (Fig. 6A ) superimposed onto scatter plots of shape space defined by the first two principal components is shown in Fig. 6 (B, D, F and H). The projection of the phylogenetic tree onto the PC plots showed extensive branch crossing and long branches closely related genera (Fig. 6B, D, F 
and H).
Ochotona is largely different from all leporid genera. PCA results of original datasets and the size corrected dataset are moderately different (Table 1 ). Significant evolutionary allometry was identified in the dorsal and ventral views of the cranium and the lateral view of the mandible. Size variation explains 26.95%, 26.78%, and 28.94% of total morphological variation in the ventral and dorsal views of the cranium, and the mandible respectively, while it explains 10.89% of total morphological variation in the UEAO. Size variation amongst genera is similar in different datasets. Here, we give the plots of the dorsal view as an example to show size change along the tree. In Fig. 7A , the vertical direction corresponds to the cumulative branch length from the root of the tree, and Fig. 7B indicates a statistically Fig. 6 . Mapping phylogenetic tree onto shape change of the skull. The phylogeny was mapped onto PCA plots by reconstructing shapes at the internal nodes by squared-change parsimony, and PCs are used to display as much of the variation as possible in a few dimensions. All genera included in the analysis are labeled. A. Phylogenetic tree of extant Lagomorpha reconstructed from seven DNA fragments . B-I. Shape change of Lagomorpha crania inferred from geometric morphometric analyses. B, D, F, H. Mapping the shape change of the dorsal cranium, ventral cranium, mandible and the upper edge along the orbit, respectively, onto the phylogeny of extant Lagomorpha genera. The percent of total shape change explained by PC 1 and PC 2 are given in the parentheses. The four diagrams next to each PCA plot (C, G, E and I) indicate the skull shapes for a score of −0.1 or +0.1 for the respective PC. The warping of outline diagrams is based on a thin-plate spline for the landmarks. The warping outline drawings and landmarks in grey give the shape information for the consensus shape (starting shape), and the blue colored warping of the outline drawings and landmarks give the shape information of the target shape. (Fig. 6 , B and C). Shape changes associated with PC 1 is mainly due to the change in relative length of the cranium, particularly the proportion of pre-orbital, inter-orbital and post-orbital regions. Shape change correlated with PC 2 is mainly in relation to the relative width of postorbital regions. Mapping cranial shape of the dorsal view onto the phylogeny using squared-change parsimony resulted in a tree length of 0.05, which was measured in units of squared Procrustes distance along all branches. The permutation test for a phylogenetic signal in the shape data is statistically insignificant (P=0.13). Size-corrected shape data resulted in a tree length of 0.042, with P=0.28. Similarly, mapping centroid size onto the phylogeny resulted in a tree length of 44.95, which was measured in units of squared centroid size distance along all branches (Fig.  7A) , with a statistically insignificant permutation test (P=0.33). Regressing the independent contrast of shape onto the independent contrast of log centroid size in the dorsal view of the cranium accounts for 13.24% of the variation in shape, and there is a statistically insignificant trend (P=0.22).
b. Ventral view The PCA of the ventral view shows that the first five PCs accounted for 54.48%, 20.90%, 8.20%, 5.32% and 4.17% of total shape variation, respectively. The 12 genera again formed a loose scatter ( Fig. 6D and E) . Shape changes associated with PC 1 are mainly in relation to the relative length of the nostrum and the size of the orbit, which are indicated by the warping of the outline drawings. Shape change associated with PC 2 is primarily due to the relative width of the post-orbital region and the size of the foramen magnum. Mapping the cranial shape of the ventral view onto the phylogeny resulted in a tree length of 0.05. The permutation test for a phylogenetic signal in the shape data is statistically insignificant (P=0.06). Size-corrected shape data resulted in a tree length of 0.04 with P=0.12.
Mapping the centroid size of the ventral view onto the phylogeny resulted in a tree length of 80.00 with a statistically insignificant permutation test (P=0.47). Regressing the independent contrast of shape onto the independent contrast of log centroid size in the ventral view of the cranium captured 19.65% of the variation in shape, and there is a slight trend between the variables (P=0.052).
c. Mandible
The PCA of the lateral view of the mandible shows that the first five PCs captured 55.67%, 18.37%, 11.82%, 4.90% and 3.71% of total shape variation, respectively. A loose scatter of taxa was formed from the 12 genera ( Fig. 6F and G) . Shape changes associated with PC 1 and PC 2 are mainly due to the relative length of the anterior and posterior alveolar ridges and the expansion of the mandibular angle vertical to the tooth row. Mapping the mandible shape onto the phylogeny obtained a tree length of 0.07. The permutation test for a phylogenetic signal in the shape data is statistically insignificant (P=0.19). Size-corrected shape data resulted in a tree length of 0.06 with P=0.62. Mapping centroid size of the mandible onto the phylogeny obtained a tree length of 29.16 with a statistically insignificant permutation test (P=0.08). Regressing the independent contrast of shape onto the independent contrast of log centroid size in the lateral view of the mandible explained 9.89% of the variation in shape, and there is a statistically insignificant correlation between the two variables (P=0.38).
d. Upper edge along orbit
When we consider all of the points sampled on the curve as landmarks, the PCA shows that PC 1 to PC 5 captured 35.48%, 27.23%, 17.83%, 11.98% and 4.03% of total shape variation, respectively. The 12 genera formed a loose scatter ( Fig. 6H and I ). Mapping the orbit line shape onto the phylogeny using squaredchange parsimony obtained a tree length of 0.28. The permutation test for a phylogenetic signal in the shape data is statistically insignificant (P=0.27). Size-corrected shape data resulted in a tree length of 0.35 with P=0.16. Mapping centroid size of UEAO onto the phylogeny obtained a tree length of 14.86 with a statistically insignificant permutation test (P=0.44). Interestingly, regressing the independent contrast of shape onto the independent contrast of log centroid size in UEAO accounts for 58.96% of the shape variation, and there is a statistically insignificant correlation between the two variables (P=0.39). Similarly, when we pre-aligned the dataset by considering 48 points between the start point and end point as semilandmarks, the PCA shows that PC 1 to PC 5 captured 44.58%, 21.15%, 17.48%, 6.87% and 3.88% of total shape variation, respectively.
Mapping the shape onto the phylogeny obtained a tree length of 0.28 with a statistically insignificant phylogenetic signal (P=0.27).
Discussion
Phylogenetic signals at the generic level
Phenotypic data (including size and shape) and DNA markers often tell different stories about organismal evolution, with molecular data generally regarded as more accurate than morphology (Cardini and Elton, 2008) . The vast phenotypic diversity of organisms on earth is a combined result of developmental constraint determined by genetic inheritability and ecological adaptation guided by environmental changes, although the influence of these endogenous and exogenous factors varies in different organisms. For example, significant phylogenetic signals were identified in the wing shape of Culicoides (Diptera: Ceratopogonidae) (Munoz-Munoz et al., 2011) , the wing shape of a Drosophila melanogaster subgroup (Klingenberg and Gidaszewski, 2010) , or in the skull and body shape morphology of triturus newts (Ivanovic and Arntzen, 2014) . However, morphological traits and DNA sequences evolve at independent rates, which could result in their decoupling. Environmentally plastic responses and parallel functional adaptations appeared as the two major reasons for the absence of phylogenetic signal. Caumul and Polly (2005) pointed out that a good phylogenetic signal in quantitative skeletal morphology is likely to be found only when the taxa have a common ancestry no older than millions of years (1% to 10% mtDNA divergence). This point of view suggests that the process of evolutionary history also influenced the maintenance of phylogenetic signals in morphological evolution. Our analyses did not find a statistically significant phylogenetic signal in the skull shape variation of lagomorphs at the generic level. Even the ventral cranium, which was considered the best morphological feature for recovering phylogenetic relationships (Caumul and Polly, 2005) , showed statistically insignificant phylogenetic signal in lagomorphs at the generic level. These results demonstrate that lagomorph skull morphology is probably more susceptible to exogenous factors, which drive convergent evolution. The evolutionary history of lagomorphs, including fossils, was traced in our previous studies, which identified different evolutionary dynamics for ochotonids and leporids due to their responses to historical global vegetation change (Ge et al., 2013) . The diversification of ochotonids and leporids could be traced back to 52 million years ago (Rose et al., 2008) , and the divergence of extant leporids was around the late Miocene. Besides homoplasy, another major reason for the difficulties of establishing a higher-level phylogeny of lagomorphs and the absence of phylogenetic signal at the generic level is probably because of a relatively long evolutionary history of Lagomorpha, and the extinction of numerous lineages. According to our previous studies, about 34 genera of ochotonids and 45 genera of leporids had been present throughout evolution, but only one relic genus of ochotonids and 11 genera of leporids currently survive in different habitats, although several of them are now threatened due to habitat destruction (Ge et al., 2013) . In the absence of several taxa, phylogenetic signals of skull shape were most likely diluted. Reconstructing an intergeneric phylogeny based on morphological data was also likely influenced by the loss of these signals.
Morphological adaptation in the skull of lagomorphs
Geometric morphometric analyses identified the loss of phylogenetic signals in skull shape change at the generic level in Lagomorpha. The higher-level skull shape evolution of these taxa was likely guided by ecological adaptation. The skull shape change of lagomorphs at the generic level is dominated by increasing facial size and auditory bullae size in open habitats. A shorter nasal bone is presented in primitive taxa, such as Ochotona and Romerlagus. The facial length is believed to bear great evolutionary flexibility in mammals (Cardini and Polly, 2013) . Facial bones are largely elongated in lagomorphs that diverged later, particularly in Leporidae. A smaller auditory bullae is most likely adapted for a forest environment, where predation pressure is lower when compared with open grasslands. For example, Pentalagus (Fig. 4Q-T) inhabits the forests of Japan's surrounding islands while Nesolagus ( Fig. 3M-P) , and Caprolagus (Fig. 5A-D) live in the forests of Southeast Asia. Possessing large auditory bullae are adapted to more open habitats (Green and Flinders 1980) , as exemplified by the habitats of Brachylagus ( Fig. 5M-P) and Lepus ( Fig. 4I-P) . Brachylagus has large auditory bullae and is endemic to central North America where there is relatively short sagebrush, and Lepus has large auditory bullae and resides in open habitats such as the Taklimakan Desert in China where L. yarkandensis is endemic. This is also evidenced by the greatly inflated auditory bullae in jerboas and kangaroo rats (Vial, 1962 ) that occupy arid regions. This adaptation is of value in detecting potential predators and maintaining balance during jumping and running (Feldhamer et al., 1999) .
The mammalian orbit is a highly plastic region of the skull (Cox, 2008) . Presence of a supraorbital process or a well-developed postorbital bar have evolved in mammals multiple times (Heesy, 2005) . Different hypotheses were proposed to explain the function of this region (Prince 1953; Simons, 1962; Cartmill, 1970; Greaves, 1985) . According to the shape distance of the supraorbital processes in lagomorphs, Nesolagus is more closely related to Caprolagus, Lepus is more closely related to Sylvilagus, and Oryctolagus, Romerolagus, Pronolagus and Poelagus are more closely related to each other (Fig. 6H) . However, this result is distinct from the molecular phylogeny reconstructed from the combined matrix of seven DNA sequences . Both the anterior and posterior supraorbital processes are absent in Ochotona, but well developed in Leporidae genera, and they are most prominent in species that inhabit grasslands, plateaus or deserts. These structures probably function to protect eyes and lacrimal glands during high speed running. Additionally, vascularization of the oral cavity was enhanced. This adaptation can be interpreted in terms of improved means of thermoregulation in species living in warmer and more arid conditions than their forest-dwelling ancestors (Lopez-Martinez, 2001 ). It allows them to increase blood flow through the mucous membranes in the oral cavity and more effectively cool themselves by panting as a result (Fostowicz-Frelik and Meng, 2013) . Shape variation of the supraorbital processes is observed in individuals of various ages, as well as in populations of Lepus that inhabit different habitats (Lu, 2003; Averianov et al., 1994) . In fact, supraorbital processes are also present in Sciuridae, a group of animals within Rodentia, which indicates the multiple times of origination within glires O'Higgins, 2005) . The supraorbital processes are useful as diagnostic characters in taxonomy, but from our results, we caution against using the characteristics of this structure in phylogenetic reconstructions.
Unlike shape and size changes at the generic level, a significant phylogenetic association was found in the body length evolution of lagomorphs by a Mantel test, which calculated the correlation of phylogenetic distance and body length difference at the species level (Ge et al., 2013) . Craniometric data of Oryctolagus cuniculus indicated that skull size was positively correlated with latitude and negatively correlated with ambient temperature (Sharples et al., 1996) . Besides latitude, analyses based on linear measurements revealed that the northern hare populations had a more rapid rate of cranial growth when compared to the southern populations (Lu et al., 2003) . In lagomorphs, genera with small body sizes, such as Ochotona and Brachylagus, depend highly on C 3 plants, while those that have evolved larger body sizes are capable of choosing C 4 plants in their diet (Ge et al., 2013) . This phenomenon was also observed in other herbivorous mammals (Mihlbachler et al., 2011) , for which diet change may play an important role in their morphological evolution.
Paleontological studies revealed that lagomorphs are notable for their conservative morphological evolution for over 50 million years (Fostowicz-Frelik and Meng, 2013) . Phylogenetic constraints, forage preferences, and habitat differences likely affect the shape and size evolution of these animals. However, extensive extinction not only wiped out biodiversity but also decreased the continual succession of morphological evolution, thus providing fragmented phylogenetic information in the surviving genera. For a more comprehensive scenario of the phylogeny and evolutionary processes within Lagomorpha, extensive cooperation between palaeontologists and researchers who study extant taxa is necessary. 31272289, 31172065, J1210002) and a grant (Y229YX5105) from the Key Laboratory of Zoological Systematics and Evolution of the Chinese Academy of Sciences.
